We report a time-course analysis of the effect of retinoic acid (RA) on the development of the mouse central nervous system (CNS) from the beginning of gastrulation throughout induction and patterning of the neural tube. RA administration induces three different, stage-specific alterations of brain development, indicating perturbation of different morphogenetic steps during the establishment of a neural pattern. In particular, treatment at mid-late streak stage (7.2-7.4 days post coitum (d.p.c.)) results in early repression of Orx2 expression in the posterior neuroectoderm of the head fold and in the ventral mid line, including the prechordal plate and the rostralmost endoderm, followed by loss of forebrain morphological and molecular identities, as revealed by analysis of the expression of regionally-restricted brain genes (Otx2, Otxl, Emx2, Emxl and Dlxl). In these embryos, reduction of the 0tx2 expression domain correlates with hindbrain expansion marked by rostra1 extension of the Hoxb-I expression domain. Our analysis indicates that RA interferes with the correct definition of both planar and vertical morphogenetic signals at specific developmental stages by affecting gene expression in the regions which are likely either to produce or to respond to these signals. We suggest that retinoids may contribute to early definition of head from trunk structures by selecting different sets of regulatory genes.
Introduction
Embryonic neural induction is defined as an interaction between an inducing and a responding tissue, the result of which is a change in the differentiation fate of the latter (Gurdon, 1987) . The first evidence of an inducing region comes from transplantation experiments in amphibians, in which the dorsal lip of the blastopore induces a new, ectopic central nervous system (CNS) when transplanted on the ventral side of a host embryo. Because of this ability, the dorsal lip of the blastopore has been called the organizer (Spemann and Mangold, 1924) . Neural inducing ability in amniote embryos is confined to the Hensen's node, which is considered as having the properties of an organizer (Waddington, 1933) . When induced by a grafted organizer, responding ectodermic tissue undergoes morphogenetic changes and gives rise to a complete, correctly patterned CNS. The phenomenon of regional differentiation in the induced CNS is called regionalization (Gallera, 1971; Hara, 1978; Ruiz i Altaba, 1993; Storey et al., 1992) .
Transplantation experiments in amphibian and chick embryos suggest that the age of the organizer tissue influences the extension of the neural plate as well its regional characteristics. An organizer deriving from an early gastrula induces anterior as well as posterior neural tissue, whereas a late organizer induces only 0925-4773/95/$09.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(95)003547-7 posterior tissue (Nieuwkoop et al., 1985; Sax&, 1989; Storey et al., 1992; Gallera, 1971) . Previous studies suggest that the signals required to regionalize the induced neural tissue derive from the mesoderm contained in the organizer (Storey et al., 1992; Ruiz i Altaba, 1993) . A large body of evidence suggests the presence of vertical transactivating signals deriving from the prechordal plate and notocord and transmitted to the overlaying neural tissue (Storey et al., 1992; Ruiz i Altaba and Melton, 1989; Ruiz i Altaba, 1993; Ang and Kossant, 1993) , and of so called planar signals, acting through the plane of the ectoderm and deriving from the organizer (Dixon and Kintner, 1989; Eagelson and Harris, 1989; Papalopulu and Kintner, 1993) . Although it is clear that both vertical and planar signals are required for the correct antero-posterior (A-P) and dorso-ventral (D-V) patterning of the neural tissue, it is unclear yet whether these signals coexist at the same stage of development or follow a temporal hierarchy. The molecular nature of these signals is also still ill-defined. Studies in Xenopus, chick and mouse embryos suggest that several molecules could be involved in establishing the neural pattern, including the Wnt factors, members of the TGF-6 family, and the goosecoid, brachyury, noggin and hedgehog gene products (reviewed in Jesse11 and Melton, 1992; Ruiz i Altaba, 1993; Smith, 1994) .
CNS axial patterning is strongly affected by retinoids, naturally occurring derivatives of vitamin A with pleiotropic effects on development and cell differentiation Eichele, 1987, 1990; Summerbell and Maden, 1990; Tabin, 1991; Pijnappel et al., 1993) . Retinoids are present at active concentrations in embryonic structures with a proven role in pattern formation, such as the zone of polarizing activity (ZPA) Eichele, 1987, 1990) , the Hensen's node (Hogan et al., 1992; Chen et al., 1992) and the floor plate of the neural tube (Wagner et al., 1990 (Wagner et al., , 1992 . In mouse embryos, the Hensen's node is a site of retinoid synthesis already at 0-1 somite stage and increases its production as it regresses after gastrulation, suggesting a possible mechanism for the establishment of temporal and/or spatial gradients (Hogan et al., 1992) . Active retinoids are present along the A-P axis of most of the CNS excluding the head (Rossant et al., 1991; Balkan et al., 1992) , although even anteriormost structures have a potential competence to respond to retinoid signals (Conlon and Rossant, 1992) . Systemic or local administration of excess all-trans-retinoic acid (RA) to developing embryos has profound effects on axial patterning and specification of regional identities in CNS, as well as in other districts such as the axial skeleton and the limbs (reviewed in Summerbell and Maden, 1990; Tabin, 1991; McGinnis and Krumlauf, 1992) . In general, excess RA has a posteriorizing effect, more or less severe depending on the dosage and the time of administration to developing embryos (Durston et al., 1989; Sive et al., 1990 ; Ruiz i Altaba and Jessell, 1991; Morriss- Kay et al., 1991; Papalopulu et al., 1991; Holder and Hill, 1991; Pijnappel et al., 1993) . Retinoids are therefore likely to play a key role in the establishment of regional identities along the A-P axis, although they might not represent the actual morphogens but rather have an instructing role on specific structures (e.g., the ZPA), which would in turn provide morphogenetic signals (Wanek et al., 1991; Noji et al., 1991) . The family of hedgehog-like secreted proteins is a strong candidate for such a role (see Smith, 1994) .
RA-induced alterations in the establishment of A-P identities in the CNS are invariably accompanied by re-patterning of homeobox-containing Hex gene expression domains in the hindbrain and spinal cord (Conlon and Rossant, 1992; Marshall et al., 1992) . Studies in cell culture models indicate that Hex genes are regulated by retinoids in a time-and dose-dependent fashion (Simeone et al., 1990 (Simeone et al., , 1991 , thus suggesting a specific role for Hex gene products as molecular transducers of the signals triggered by retinoids in the posterior CNS. Conversely, except for a very recent detailed work on the 0tx2 regulation using explant recombination assays (Ang et al., 1994) , little information is so far available on the effect of RA on the expression of anterior markers of neural patterning, such as the genes of the ortodenticle-like (Otx), empty spiracle-like (Emx) and distalless-like (Dlx) family of homeobox-containing genes (Price et al., 1991; Simeone et al., 1992a Simeone et al., , 1992b Simeone et al., , 1993 .
We report a detailed time-course analysis of the effect of RA on the development of the mouse CNS in the 6.2-8.2 d.p.c. period, i.e., from the beginning of gastrulation throughout induction and patterning of the neural tube. Morphological analysis of a statistically significant number of embryos indicates that RA is able to induce at least three different, stage-specific alterations of the rostra1 CNS (fore-, mid-and hindbrain), indicating a specific involvement in the perturbation of different morphogenetic steps during the establishment of neural pattern. Molecular analysis carried out with markers of fore-, mid-and hind-brain regional identities (Otx2, Otxl, Emx2, Emxl, Dlxl and Hoxb-1) indicates that exogenous RA affects both the regions supposed to be sources of morphogenetic vertical signals (the prechordal plate and forebrain underlying endoderm of the foregut pocket) and those supposed to be targets of planar signals deriving from the organizer (the head fold). Retinoid signals coming from the Hensen's node may therefore contribute to the early distinction of head from trunk structures by selecting different sets of regulatory genes, while other signal molecules are required for patterning of the rostra1 CNS.
Results

RA induces time-specific phenotypes
To define time competence and differential effects of Morphological alterations were studied by scanning electron microscopy and in situ hybridization to anterior CNS-specific genes (Otx2, Otxl, Emx2, Emxl and Dlxl) . The three phenotypes are described here in order of increasing severity of malformations.
2.2.1. Phenotype A (mild). Phenotype A ( Fig. 2c and d) appears in its general external morphology similar to the wild type ( Fig. 2a and b) , except for a slight reduction of the olfactory pit (open arrow in Fig. 2c ) and a midbrain dorsoventral compression. On the other hand, a mid sagittal section shows an increase in the thickness of the developing neuroepithelium in the hindbrain as well as in the midbrain and forebrain (Fig. 2d ). Serial sections of phenotype A embryos were hybridized to probes for Otx2, Otxl, Emx2, Emxl and .Dlxl, which are properly expressed along both the A-P and D-V axes ( Fig. 3f-j) .
2.2.2. Phenotype C (anencephaly). Phenotype C shows a marked anencephaly (Fig. 2e-g ), with a remarkable neuroepithelial hyperproliferation resulting in an almost complete obliteration of the CNS ventricles (Fig. 2f) . In more detail, the neural roof is open along the presumptive diencephalon throughout the midbrain and hindbrain. The telencephalic vesicles are reduced and ventro-laterally involuted. The ganglionic eminence, precursor of the corpus striatum, is dramatically increased in size and more medially displaced ( Fig. 2f and data not shown), while the olfactory pits are reduced (open arrow in Fig. 2e ). The brainspecific genes are all expressed in the same relative A-P order ( Fig. 3k-o ) observed in the wild type embryos ( Fig. 3a-e) . However, their expression patterns are in general abnormally located, in parallel with the D-V and medio-lateral alterations of the head structures. For example, telencephalic vesicles expressing the Emxl gene ( Fig. 3n ) are strongly reduced and more laterally displaced, and basal telencephalic structures such as the ganglionic eminence, expressing the Dlxl gene, are dramatically enlarged and more medially located (Fig.  30 ). In the diencephalon, the combined analysis of 0tx2,
Otx2
Otxl Otxl, Emx2 and Dlxl expression patterns suggest that several regional identities could be altered in their position and extension. For example, the presumptive optic recess, preoptic and retrochiasmatic regions appear reduced (Fig. 30) , the presumptive ventral thalamus dorsally diplaced (Fig. 30 ) and the presumptive posterior hypothalamic region, dorsal thalamus and pretectal region dorsolposteriorly fused ( Fig. 3k-m) . Nevertheless, it should be considered that RA could affect only the expression patterns of these genes preserving the relative position of diencephalic areas. In the hindbrain, the Hoxb-Z expression domain, normally marking rhombomere 4, extends to the midline of the presumptive rhombomere 3 as well as to the entire region corresponding to the presumptive rhombomere 2 (data not shown). Therefore, phenotype C corresponds to that previously reported by Marshall et al. (1992) .
2.2.3. Phenotype B (atelencephalic microcephaly). Phenotype B showed dramatic morphological alterations ( Fig ( Fig. 2j ), rostra1 displacement of the otic vesicles (arrow in Fig. 2j ) and disappearence of the optic cup and the olfactory pit. Moreover, the branchial arches are strongly reduced or completely abolished ( Fig. 2j and k) . A sag&al section through the rostra1 CNS shows that no structure is differentiating in the basal as well as in the dorsal brain, and that the presumptive hindbrain is invaded by disorganized tissue (Fig. 2k) . A small percentage (-15%) of these embryos retain several anterior morphological markers, such as rudimentary branchial arches, defined midbrainihindbrain border and detectable, yet abnormal, hindbrain ( Fig. 4a) , although the majority (-85%) are heavily affected in the anterior body regions ( Fig. 4e and h ), up to an almost complete acephaly (Fig. 4h ). In summary, phenotype B shows the characters of atelencephalid microcephaly, with a strong reduction or complete lack of anterior sense organs, a general reduction of the anterior brain volume accompanied by an increase of the hindbrain mass, and poor differentiation of the, neuroepithelium. These morphological features are strongly reminiscent of those seen in Xenopus embryos treated with retinoids (Durston et al., 1989; Pijnappel et al., 1993) . The molecular analysis confirmed the seriousness of Otx2 Otxl Emx2 78 . Open arrows in (i) and (I) point to the rostra1 Emx2 expression which is switched off in a large number of phenotype B embryos (f). However, Emx2 is always expressed posteriorly in the embryos (filled arrows in f and i). (a', e', g' and j') are bright fields of the same sections. Abbreviations are as in Fig. 2 ; fg, foregut.
the malformations. Fig. 4 shows hybridization with 0tx2, Otxl, Emx2, Emxl and Dlxl on three embryos representative of the different degree of severity of phenotype B. Otx2 and Otxl were expressed in the developing rostra1 brain in all the analyzed embryos ( Fig. 4b -c, f-g and i-j). Emx2 was expressed in the anteriormost forebrain only in the less severe phenotype (15%) (Fig. 4d ). Emxl and Dlxl were never detected.
These results indicate that in phenotype B most of the anterior forebrain regional identity has been lost, suggesting a posteriorizing effect of the RA administered at 7.4 d.p.c.
Early effects of RA on gene expression at 8.5 d.p.c.
To follow the evolution of the expression patterns observed at 10.5 d.p.c., we carried out in situ hybridiza-
.
Hoxb-I tion at 8.5 d.p.c. on a representative number of embryos (n = 30 for each treatment) RA-treated at 6.8, 7.4 and 7.8 d.p.c., using as probes Hoxb-I, Otx2, Otxl and Emx2 which are already expressed at this developmental stage (Figs. 5 and 6). Twenty embryos treated at 6.8 d.p.c. were molecularly and phenotypically identical to the control embryos (data not shown). All embryos treated at 7.4 d.p.c. showed reduced expression domains of 0tx2 and Otxl in the rostra1 CNS (Fig. 5d , e, g and h), while only six embryos expressed Emx2 in the forebrain (open arrow in Fig. 5i ). Emx2 was always expressed in other, non-neural regions (solid arrow in Fig.  5f and i) as in normal embryos (Simeone et al., 1992) . Moreover, Otx2 is not expressed in the anterior foregut (compare Fig. 5a , d and g; see below Fig. 8 ). Twenty-six embryos treated at 7.8 d.p.c. (Fig. Sj-I) showed Otxt, Otxl and Emx2 expression in the anterior neuroectoderm. On the contrary, 0tx2 does disappear from the foregut pocket (compare Fig. 5a and j; see below Fig. 8 ).
To distinguish the presumptive fore-midbrain from the hindbrain region, we hybridized to 0tx2 and Hoxb-1 probes adjacent sagittal sections of 8.5-d.p.c. embryos treated with RA at 7.4 and 7.8 d.p.c. (Fig. 6 ). In these embryos, Hoxb-2 expression extends more rostrally than in control embryos (compare Fig. 6b to d, f, h and j), as otherwise already documented (Marshall et al., 1992; Conlon and Rossant, 1992) . Interestingly, the anterior border of Hoxb-I expression domain becomes adjacent to the posterior one of the Otx2 domain (compare arrows in Fig. 6c . 0tx2 expression pattern in transverse (a-l) and sagittal (m-r) sections of embryos treated for 6 h with RA at 7.2, 7.4 and 7.8 d.p.c., together with corresponding wild type control embryos (indicated as C). Transverse sections at two different levels show that 0tx2 in the controls is expressed besides the neuroectoderm, in ventral mid-and para-midline including the rostralmost embryonic endoderm (a and e), the prechordal plate (b, f and j), the ventral apical mesoderm (b), the endoderm adjacent to the prechordal plate (f) and lining the foregut pocket (i and j). In the RA-treated embryos, the 0tx2 expression strongly decreases in the rostra1 embryonic endoderm (c and g), prechordal plate (d, h and I), ventral mesoderm (d), endoderm adjacent to the prechordal plate (h) and in the foregut pocket (k and I), but is retained in the neuroectoderm. When the A-P 0tx2 expression pattern of RA-treated embryos is compared to the control embryos, an anterior shift of the posterior Otx2 border is observed when the RA is administered at 7.2 and 7.4 d.p.c. (arrows in m, m', n, n', o, o', p and p'). No retraction is observed when the RA is administered at 7.8 d.p.c.
(arrows in q, q', r and r'). Bright fields of the same sections are indicated by a prime affix ('). Solid arrows in (a, a', c, c', e, e', g and g') point to the rostra1 embryonic ventral midline; open arrows in (f, f', h and h') and an arrowhead in (q ') point to the endoderm adjacent to the prechordal plate. Abbreviations as in previous Figs. ; hf, head fold; ng, neural groove.
Immediate RA effects
At the time of RA administration (6.8-7.8 d.p.c.), 0tx2 is the only one among the analyzed genes to be expressed in the anterior neuroectoderm (Simeone et al., 1993) . Although, it was not previously reported, Otx2 is expressed also in the ventral mesodermal and endoderma1 cells in the mid-and para midline at late streak stage and in the endoderm lining the foregut pocket (Figs. 5, 6, 7 and 8) . This expression includes the prechordal plate and the rostra1 endoderm of the presumptive oral plate subjacent the rostralmost neuroectoderm. We therefore analyzed the expression of Otx2 in the very early (i.e., after 6 h) events following RA administration, in sagittal and transverse sections of embryos treated for 6 h at 6.8 (data not shown), 7.2,7.4 and 7.8 d.p.c. (n = 50 for each time).
Sagittal sections of RA-treated (Fig. 7n , p and r) and corresponding control embryos (Fig. 7m, o and q) indicate a neuroectodermal retraction of the O&2 posterior border when the RA was administered at 7.2 and 7.4 d.p.c. (arrows in Fig. 7n and p) . This retraction can be interpreted as a first indication of the future microcephalic phenotype. In transverse sections, RAtreated embryos at 7.2 and 7.4 d.p.c., compared with control embryos, show that Otx2 is repressed in ventral mesodermal and endodermal areas including the rostra1 embryonic endoderm, mesoderm, prechordal plate and adjacent definitive endoderm (Fig. 7c, d, g and h) which lines the foregut pocket at 8 d.p.c. (Fig. 7 and 2) . No differences are seen in 6.8-d.p.c. RA-treated embryos compared to the control embryos (data not shown). Finally, to unambiguously confirm the retraction observed when RA is administered at 7.2 and 7.4 d.p.c., we hybridized at 8.1 d.p.c. control and 6.8, 7.4 and 7.8 d.p.c. RAtreated embryos. Fig. 8 clearly shows that in the embryos treated at 7.4 d.p.c., the extension of the Otx2 expression domain is reduced (Fig. 8c) , while in embryos treated at both 7.4 and 7.8 d.p.c., 0tx2 expression disappears also in the foregut (Fig. 8c and d) . No differences were observed in embryos treated at 6.8 d.p.c. with respect to control embryos ( Fig. 8a and b) .
Taken together, these results suggest that Otx2 responds to RA with an early repression in several districts such as the prechordal plate, the anterior endoderm of the foregut and the posterior neural fold, respectively representing the regions producing or receiving morphogenetic signals (vertical signals from prechordal plate and dorsal endoderm of the foregut and planar signals from the organizer).
Otx2 is down-regulated by retinoic acid through a cisacting mechanism
To investigate whether 0tx2 is directly regulated by RA, we used the human embryonal carcinoma cell line NT2/D 1 as a cell culture model. NT2/D 1 cells have some cells (Simeone et al., 1990 (Simeone et al., , 1991 , while 0TX2 is expresscharacteristics of primitive neuroectoderm cells and can ed in non-induced cells and down-regulated by RA (Sibe induced to differentiate into neurons by RA treatmeone et al., 1993). Accumulation of 0TX2 RNA ment (Andrews et al., 1984) . Expression of Hex genes rapidly decreases after RA induction, as analyzed by from all four clusters is induced in RA-treated NT2/Dl RNase protections and becomes nearly undetectable by 72 h of treatment (Fig. 9A) . We cloned 3.6 kb of the mouse Otx2 gene upstream genomic sequences from position -3140 to +475 from the major transcription start site, in front of the luciferase reporter gene in the pXP2 vector (Nordeen, 1988) . This construct (pOtx2A-3140, see Fig. 9E ) was transfected in NT2/Dl cells, either noninduced or pm-induced with 10 PM all-truns-RA for 5, 10 and 24 h and kept in RA-containing medium throughout the transfection. Luciferase activity was assayed 36 h after transfection. As shown in Fig. 9C , the Otx2 genomic region was able to drive the reporter gene at high levels in non-induced cells, while its activity decreased 6-9-fold in RA-induced cells. The activity of the reporter construct was studied also by RNase protection analysis, using luciferase-specific and human OTXZ-specific probes to compare it to that of the endogenous OTX2 gene in the same cells. The decrease in 0TX2 and luciferase RNA accumulation after RA treatment followed comparable kinetics, as shown in Fig. 9B . These experiments indicate that the 0tx2 upstream genomic region can mediate RA-induced down-regulation of gene expression by a cis-acting mechanism. As a control, NT2/Dl cells were transfected in parallel with a reporter construct in which the luciferase gene is driven by the -2892 region of the human HOXD4 gene, which is instead activated by RA induction (Moroni et al., 1993) (Fig. 9D ).
3. Discussion 3.1. RA administration affects mouse CNS development in a stage-specific fashion A large body of evidence in amphibian and avian embryos suggests that the A-P neural pattern, as well as the whole A-P body axis, are specified by intercellular signals acting during the gastrulation and neurulation processes (Spemann and Mangold, 1924; Nieuwkoop et al., 1985; reviewed in Ruiz i Altaba, 1993) . Two types of signals are essentially required: (i) vertical signals, emitted by the underlying mesoderm and probably also by the midline endodermal cells of the foregut pocket (Echelard et al., 1993) ; (ii) planar signals, emitted from the organizer and spread through the neural plate (Ruiz i Altaba and Melton, 1990) . Both types of signals participate in A-P as well as in D-V patterning of the neural plate. Among the many candidates for the role of molecular effecters of these morphogenetic signals, retinoids, and particularly RA, received special attention. RA is present in the Hensen's node (Chen et al., 1992; Hogan et al., 1992) and mimics the action of, or is able to induce, a ZPA in a developing limb (Noji et al., 1991; Thaller and Eichele, 1987; Wanek et al., 1991) . Moreover, RA induces dramatic changes in the A-P patterning of the CNS when administered to developing embryos, paralleled by respecification of the Hex gene temporal and spatial expression patterns in the affected regions (reviewed in McGinnis and Krumlauf, 1992; Summerbell and Maden, 1990; Tabin, 1991 ; see also Conlon and Rossant, 1992; Marshall et al., 1992) .
We observed that exogenous RA is able to perturb the correct patterning of the neural tube when administered between the mid-late streak stage and the neural plateearly somite stage (O-3 somites). Within this critical period, both the nature and the extent of the perturbations are strictly dependent on the developmental stage at which RA is administered. When administered at 7.2-7.4 d.p.c., RA induces the most dramatic alterations (the atelencephalic microcephaly of the phenotype B), culminating in the loss of anteriormost forebrain morphological and molecular identities, consistent with a strong posteriorizing effect. This is the most typical effect of RA on neural development, already observed in RA-treated mouse embryos (Conlon and Rossant, 1992; Marshall et al., 1992) , and is strongly reminiscent of the severe microcephalic phenotype observed in RA-treated Xenopus embryos (Durston et al., 1989; Sive et al., 1990) . Administration of RA at a 6-10-h earlier or later stage still induces brain malformations (the mild phenotype A or the anencephalic phenotype C, respectively), but the expression of five regionally-restricted brain genes indicates that the information for the forebrain and midbrain regional identity is preserved, although the relative extension and internal morphology of the various neuroepithelial derivatives is more (phenotype C) or less (phenotype A) altered. It is worth noting that phenotype C is reminiscent of that induced by dorsal ectopic overexpression of the Sonic hedgehog gene, a putative downstream effector of retinoid action, in transgenic mice (Echelard et al., 1993) . In fact, morphological examination indicates that it is the D-V rather than the A-P pattern which is perturbed when RA is administered at neural plate or l-3 somite stages. This time-course analysis, therefore, identifies the midlate streak stage (7.2-7.4 d.p.c.) as the stage when most of the information necessary for the correct neural patterning is provided before being translated into regional identities. Earlier than that (6.8-7.0 d.p.c.), RA has only relatively modest morphogenetic effects, whereas later (7.8-8.0 d.p.c.) RA interferes with the information necessary for correct neuroepithelial growth and D-V patterning without affecting the induction and establishment of regionally-restricted gene expression patterns.
RA administration alters expression of regionallyrestricted brain genes
Molecular analysis shows that RA-induced morphological alterations correlate with changes in the expression patterns of five regionally-restricted, fore-and midbrain specific genes (i.e. 0tx2, Otxl, Emx2, Emxl and D/xl). Induction of the most severe phenotype (B) is characterized by absence of forebrain-specific gene expression. In these embryos, Emxl and Dlxl are never expressed, while Emx2 is barely expressed only in the small percentage of embryos in which some forebrain development can still be detected (see Fig. 4 ). On the other hand, the intermediate phenotype (C) is characterized by expression of all brain-specific genes, with correct A-P restriction but altered D-V extension. These alterations correlate well with morphological increase or reduction of brain structures, e.g., dorsal telencephalon vs. basal telencephalic ganglia (see Results). These results suggest, at a molecular level, that RA has a differential, stage-specific effect on the development of the rostra1 CNS, resulting in either loss of forebrain morphological and molecular identity or in altered regional specification. However, since these genes are actually markers of regional identities playing unknown functions, their altered pattern could be unrelated to alterations in the correct anatomy of diencephalic regions.
RA alters the early expression pattern of the brainspecific gene Otx2
Alteration of the 0tx2 expression pattern at 7.2-7.4 d.p.c. is associated with the induction of the microcephalic phenotype B and precedes overt morphological changes in fore-and midbrain, indicating a possible correlation between 0tx2 expression and determination of anterior brain structures. Interestingly, the early perturbation of Otx2 expression in the neuroectoderm is confined to the posterior border of its expression domain and never extends to anteriormost region, indicating that a complex regulation does exist to keep Otx2 differentially expressed. Furthermore, our results indicate that administration of RA has an opposite effect on the spatial restriction of forebrainspecific (Otx2) vs. hindbrain-specific (Hoxb-Z) genes: the expression domains of the former appear to be compressed starting from the posterior border, while those of the latter are expanded toward a more anterior position. In a cell culture model of neuroectodermal differentiation, i.e. the human NT2/Dl EC cell line, OTX2 expression is negatively regulated by treatment with RA (Simeone et al., 1993 and this paper) , while expression of all hindbrain-specific HOX genes is induced (Simeone et al., 1990 (Simeone et al., , 1992 . Both negative and positive regulations are apparently mediated through cis-acting regulatory sequences, as previously shown for Hox genes (Langston and Gudas, 1992; Popper1 and Featherstone, 1993; Moroni et al., 1993) and now for Otx2 by the transfection experiments. Negative activity of RA on gene transcription is not unprecedented (Schiile et al., 1991; Mangelsdorf et al., 1992) . Therefore, negative regulation of brain-specific, spatially-restricted genes by RA may be as an important factor as overexpression of hindbrain-specific genes in the development of the RAinduced phenotypes, possibly underlying the reduced/ abnormal development of anterior brain. To this regard, it is worth noting that it has recently been found, using explant recombination assays, that RA can mimic a negative endogenous signal, produced from the posterior mesendoderm, which is able to repress Otx2 expression (Ang et al., 1994) .
RA affects both sources and targets of regionalizing signals
Since RA is administered systemically to developing embryos, the most severe perturbatory effects are expected either at a time when endogenous RA is absent in the embryo or in the regions where it is normally excluded. In fact, phenotype B is induced at a developmental stage preceding the earliest detectable endogenous retinoid activity (Hogan et al., 1992) . However, 6-10-h earlier administration induces no malformations or the mild phenotype A, while later administration is still able to induce the intermediate phenotype C. We conclude that before 7.2-7.4-d.p.c. embryonic cells are not competent to respond to retinoid signals. At 7.2-7.4 d.p.c., cells have acquired this competence, although endogenous retinoid synthesis has apparently not started and development is severely affected by exogenous RA. Finally, at 7.8 d.p.c. the regressing Hensen's node is actively producing retinoids. At this stage, 0tx2 expression is perturbed by RA only in restricted areas (prechordal plate, foregut endoderm and presumptive hindbrain) but no alteration appears in the neuroectoderm. These results lead to some considerations about the targets of retinoids action in development, as summarized in a graphic model in Fig. 10 . We suggest that the most severe phenotype originates from a combined effect of the exogenous RA on both the neuroectoderm and the ventral endodermal and mesodermal cells including rostra1 endoderm and prechordal plate, as revealed by analysis of Otx2 expression, which possibly results in alteration of the A-P cell identity in both districts (Fig. 10a and c) . This occurs at a very specific developmental stage, i.e., the late streak stage, when RA apparently represses Otx2 expression in regions supposed to either generate regionalizing signals (vertical signals generated by the prechordal plate and possibly by forebrain underlying endoderm) or to be target of their action (the posterior head fold, target of planar signals derived from the organizer). The result is a profound interference with the regionalization process, resulting in A-P transformations (forebrainmidbrain -hindbrain in the neuroectoderm, val -va2 in the ventral midline, Fig. 1Oe and fl. Conversely, phenotype C may be generated by RA treatment at O-3 somite stage when 0tx2 expression appears perturbed only in the foregut endoderm and prechordal plate, supposed to generate the vertical signals ( Fig. 10b and d) . RA induced perturbation of the regionalization process, therefore, suggests that information for the A-P and D-V neural pattern is established in the mouse at late wild type +RA A. Simeone et al. /Mechanisms of Development 51 (1995) (Hogan et al., 1992) . expression of Orx2 is normal in the head fold and disappears only in the prechordal plate and the endoderm of the foregut pocket [compare (b) and (d)]. Interpretation of these findings is given in a graphic model in the bottom panels (e and f). It has been suggested that planar (red arrows) and vertical (green and blue arrows) are required at specific developmental stages (late gastrtda/early neurula) for the correct patterning of the anterior neural tube (e). We suggest that systemic delivery of RA [black arrows in (f)] acts on the regions supposed to produce (prechordal plate and dorsal endoderm of the fore-gut pocket represented as the anterior pink area) or to be targets (the posterior head fold including the presumptive midbrain and hindbrain regions) of these morphogenetic signals. Repression of Otx2 would therefore reflect a RA-induced change in cell identity resulting, at the end of the regionalization process, in an A-P transformation [forebrain -midbrain -hindbrain in the neuroectoderm, and val -va2 in the ventral midline anterior to the organizer, see (f)]. Abbreviations: A, anterior; P, posterior; Fb, forebrain; Mb, midbrain, Hb, hindbrain; val and va2, ventral areas including the prechordal plate supposed to produce morphogenetic signal with different A-P values (green and blue arrows, respectively); the vertical bar in (e) and (r) represents the Mb/Hb presumptive border; the shaded vertical bar separating Fb from Mb is entirelv hvnnth*tirni streak stage and, immediately later, in at least two steps. In the first, both planar and vertical signals are conveyed to the induced neural tissue to establish the main information for the neural pattern, while in the second only vertical signals persist, mainly to reline the D-V development. These data support the hypothesis that in amniotes, RA may contribute to the early distinction of trunk and caudal brain derivatives by selecting sets of regulatory genes different from those operating in the rostra1 brain. This model is consistent with the discovery that the Hensen's node is a source of RA and suggests that signal molecules other than RA are required for the early rostra1 CNS regionalization (Basler et al., 1993; Echelard et al., 1993; Lamb et al., 1993; Ruiz i Altaba and Jessell, 1992; Ang et al., 1994) .
Experimental procedures
RA administration and malformations analysis
In a first preliminary experiment we quantified heterogeneity in embryonic development. Using standard morphological markers according to Theiler staging (Theiler, 1989) , a typical litter of our mouse colony consisted of 60-700/o of embryos of the expected stage; 200%-300% of embryos 4-8 h delayed and lo%-20% 4-6 h anticipated. We then performed the time course experiment as follows: CD1 mice are mated between 16 h and 23 h, then scored for the presence of the vaginal plug, 12 h the following day is considered 0.5 d.p.c. At the corresponding times indicated in Fig. 1 , all-trunsretinoic acid (Sigma) (25 mg/ml-' in dimethylsulphoxide) was diluted l/10 in vegetable oil just before use, and 0.2 ml delivered by gavage for a final dose of 20 mg/kg of maternal body weight. Control mice were administered the same mixture without RA. About 500 pregnant mice in total were sacrificed by cervical dislocation. A variable number ranging from 250 to 400 embryos for each time of RA administration were scored at 10.5-10.75 d.p.c. for CNS malformations. Representative members of the different phenotypes were then utilized for scanning electron microscopy and in situ hybridization.
Scanning electron microscopy (S. E. M.)
For S.E.M. observations, the embryos were fixed in 4% parafonnaldehyde PBS buffered; graded dehydration with ethanol series was followed by replacement with hexametyldisilazane (Nation, 1983) .
The embryos processed in this way were glued with silver paint to S.E.M. stubs, coated with gold and observed with a Cambridge Stereoscan 250 MK2.
Preparation of RNA probes used in the in situ hybridization experiments
Otxl, Otx2, Emx2, Emxl and Dlxl probes used for the in situ hybridization experiments are the same described in Simeone et al., 1993 , Simeone et al., 1992a and Price et al., 1991 The Hoxb-1 probe was a PCR-amplified fragment spanning the region between nucleotides 911 and 1263 of the Hoxb-2 sequence shown in Frohman et al., 1990 .
Transcriptions reactions with T7 or Sp6 polymerase (Riboprobe Kit, Promega Biotec) were carried out in the presence of ("S)CTP (Amersham). The template was then degraded with RNase-free DNase (Pharmacia) and the labeled RNA was purified through a Sephadex G-50 column. The transcripts were progressively degraded to an average length of 150 nucleotides by random alkaline hydrolysis, to improve access to RNA in situ. The probes were dissolved at a working concentration of 1 x 10' c.p.m./pl in hybridization mix (Wilkinson and Green, 1990 ).
In situ hybridization
Embryos are in situ hybridized for each phenotype at 10.5 d.p.c. For each time of RA administration (6.8, 7.2, 7.4, 7.8 d.p.c.) 30 embryos were analyzed at 8.5 d.p.c. and a variable number between 30 and 60 for the embryos treated 6 h with RA. In situ hybridization was carried out as described by Wilkinson and Green (1990) with minor modifications. Thirty microliters of the appropriate probe in the hybridization mix was added to each slide. Hybridization was carried out overnight at 55°C. The slides were then washed under stringent conditions (65"C, 2 x SSC, 50% formamide) and treated with RNase to remove unhybridized and nonspecifically bound probe. Autoradiography was performed with Kodak NT/B2 emulsion. Exposure times were between 5 and 12 days. After developing, sections were stained in 0.02% toluidine blue and mounted in De Pex (Serva). Sections were examined and photographed using a Zeiss SVll microscope with both dark-and bright-field illumination.
Cell culture and transfection
A XbaI-KpnI genomic fragment of the mouse Otx2 gene, spanning from -3140 to +460 from the major transcription start site, was subcloned into the SmaIKpnI sites of the promoterless luciferase reporter vector pXP2 (Nordeen, 1988 ) to obtain the pOtxZA-3140 reporter construct. The pHOXD4 A-2892-1~~ construct was previously described (Moroni et al., 1993) . The pPGK-Bgal vector was a kind gift of A. Viganb.
NTuDl cells were cultured in high-glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum and 20 mM Hepes buffer (all from GIBCO) in 5% CO2 in air humidified atmosphere. Induction of NT2/Dl cells with all-trans-retinoic acid (Sigma) was carried out as previously described (Simeone et al., 1990) . For transfection, 9 x 10' NTuDl cells were seeded in 60 mm dishes and induced with 10 pM RA for up to 24 h. Cells were transfected by calcium phosphate precipitation with 6 rg of total plasmid DNA (2.5 pg of reporter construct, 1 rg of pPGK+gal plasmid for normalization and 2.5 pg of carrier DNA) in the presence or absence of 10 FM RA. All transfected cells were lysed by three cycles of freezing and thawing 36 h after transfection, and the cell extracts assayed for luciferase or /3-galactosidase activity as described (de Wet et al., 1987; Sambrook et al., 1989) . For RNase protection analysis, total RNA was extracted from confluent cultures of NT2/Dl cells in 10 mm petri dishes treated for 0, 6, 12, 18, 24, 48 or 72 h with RA, or from cells transfected with the pOtx2A-3 140 construct and treated with retinoic acid for 0,20 or 40 h. RNA was hybridized overnight at 55°C in 50 pg aliquots to a radiolabeled antisense 0TX2 RNA probe (Simeone et al., 1993) , a luciferase probe (a 71-bp BspMI-Xbal fragment) or a /3-actin probe, as previously described (Simeone et al., 1990) . Mixtures were then digested with RNase A and Tl (1 h at 32°C) and proteinase-K (all from Promega), extracted with phenolchlorophorm, precipitated in ethanol and run on a 6% urea-polyacrylamide sequencing gel. Dried gels were exposed for 8-48 h at -70°C to Kodak X-AR5 films.
